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Mathematical and computer models can provide guidance to public health officials by projecting the course of an
epidemic and evaluating control measures. The authors built upon an existing collaboration between an academic
research group and the Los Angeles County, California, Department of Public Health to plan for and respond to the
first and subsequent years of pandemic influenza A (H1N1) circulation. The use of models allowed the authors to
1) project the timing and magnitude of the epidemic in Los Angeles County and the continental United States;
2) predict the effect of the influenza mass vaccination campaign that began in October 2009 on the spread of
pandemic H1N1 in Los Angeles County and the continental United States; and 3) predict that a third wave of
pandemic influenza in the winter or spring of 2010 was unlikely to occur. The close collaboration between modelers
and public health officials during pandemic H1N1 spread in the fall of 2009 helped Los Angeles County officials
develop a measured and appropriate response to the unfolding pandemic and establish reasonable goals for
mitigation of pandemic H1N1.

communicable disease control; influenza, human; influenza vaccines; mass vaccination

Abbreviations: CDC, Centers for Disease Control and Prevention; DPH, Department of Public Health; FHCRC/UW, Fred
Hutchinson Cancer Research Center/University of Washington; LA County, Los Angeles County.

Pandemic influenza A (H1N1) emerged in Mexico in
April 2009 and spread worldwide in less than a year. After
causing intense but limited outbreaks, primarily among chil-
dren, in the United States during the late spring of 2009, the
virus caused sporadic outbreaks throughout the summer of
2009. Following the opening of US schools in the late sum-
mer of 2009 (1), the epidemic peaked in early October
among children, with limited spread of the infection to
adults. Vaccination began in the United States in early Oc-
tober 2009, and by December 2009 approximately 20% of
the US population had been vaccinated with pandemic
H1N1 vaccine (2). As of December 2009, an estimated
28% of the US population had been infected with pandemic
influenza H1N1 (3).

In the winter of 2007, an applied research collaboration
between the Center for Statistical and Quantitative Infec-
tious Diseases at the Fred Hutchinson Cancer Research

Center/University of Washington (FHCRC/UW) (Seattle,
Washington) and the Los Angeles County (LA County),
California, Department of Public Health (DPH) was estab-
lished with the goal of planning for an influenza pandemic
using mathematical modeling. At the outset, the primary
aim was to develop a simulation model for the county to
assist the LACounty DPH in planning for the mitigation and
control of an avian influenza A (H5N1) pandemic should
a reassorted or mutated virus demonstrate the capacity for
widespread transmission between humans (4). As in other
local health jurisdictions, planning for a pandemic without
clear information about the timing, severity, extent, and du-
ration of such an event was a challenge for the LA County
DPH. The use of mathematical and computer models adapt-
ed to local conditions provided the ability to conceptualize
the potential spread and impact of the disease, as well as
to quantify the expected effectiveness of the available
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mitigation strategies. The project was initially conceived as
a more measured approach to planning based on the pro-
jected effects of various control measures on H5N1, rather
than worst-case projections based on 1918-like scenarios.
Specifically, the goal was to focus on the potential use of
H5N1 vaccines, antiviral agents, and nonpharmaceutical in-
terventions such as school closures for early mitigation of
pandemic influenza spread. By January of 2009, the initial
groundwork for the LA County H5N1 model had been set,
and this preparation proved to be fortuitous.

When pandemic H1N1 emerged in late spring 2009, the
FHCRC/UW group had already created a computer simula-
tion model, utilizing demographic and transportation data
specific to LA County. The model was capable of predicting
both pandemic influenza activity and the strength of poten-
tial interventions in mitigating spread of the disease. With
the emergence of pandemic H1N1, the model presented the
opportunity to evaluate specific actions the department
could take to slow the spread of this new strain. In close
collaboration with the LA County DPH, the FHCRC/UW
group immediately began to adapt the original H5N1 model
to the emerging H1N1 situation and adjusted the parameters
as information about the transmissibility and case fatality
ratios of pandemic H1N1 became available. In this paper,
we summarize the results of planning for the control of
H1N1 with vaccines in LA County. Furthermore, we gener-
alize the results in LA County, which has a population of
approximately 11 million people and represents approxi-
mately 3% of the US population, to the rest of the United
States. After the peak of the pandemic in the United States
had passed in the fall of 2009, we also estimated the fraction
of the population that needed to be protected by either vac-
cination or prior infection to prevent a third wave of pan-
demic influenza in the spring of 2010.

MATERIALS AND METHODS

Stochastic epidemic simulation model

We used a previously described epidemic simulation
model (5) to estimate the timing and magnitude of the pan-
demic H1N1 epidemic in LA County and the United States
during the 2009–2010 influenza season. Using the initial
conditions and vaccine distribution described in this article
and in the accompanying Web Appendix (http://aje.oxford-
journals.org/), the results presented here can be reproduced
with version 1.15 of the software, available at http://
www.csquid.org/software. In brief, the model generates
a synthetic population to represent every person in LA
County or the continental United States. For LA County
simulations, the populations were based on a more recent
estimate from 2007 (6) and augmented with an additional
776,000 persons to account for the estimated size of the
undocumented immigrant population in the county (7).
For simulations of the United States, the populations
were based on US Census data from 2000 (http://www.census.
gov/geo/www/cenpop/tract/tract_pop.txt). In the model, indi-
viduals interact in a variety of social mixing groups, including
households, schools, workplaces, and neighborhoods. In these
mixing groups, infected persons can transmit influenza to

susceptible persons. Once infected, people are infected and
infectious for 6 days, with infectiousness being proportional
to the person’s viral load; this relation is described in detail
elsewhere (5). The case generation interval is 3.4 days,
which is consistent with our published estimate for pandemic
H1N1 (8).

We ran the analyses with a range of values of R0, the basic
reproduction number, based on estimates from the previ-
ously published research (5, 9). R0 is the average number
of persons a typical infected individual infects in a fully
susceptible population. We report the results from simula-
tions in which R0 ¼ 1.3, because these were most consistent
with estimated cumulative illness levels (Figure 1A and
Web Table 1). We incorporated preexisting immunity from
H1N1 outbreaks occurring before the fall of 2009 into
the simulations by giving a fraction of the population im-
munity, as described in the Web Appendix (Web Table 1).
We measured transmissibility, or R, in the partially immune
population by infecting a single individual at the start of
a simulation and counting the number of persons he or she
infected. The number of secondary infections produced de-
pends upon the age of the initial case; infected school-age
children generate more cases per infection than persons in
other age groups. School-age children also had the highest
influenza attack rate. To account for these characteristics,
the average R is approximated by weighting the age-specific
R’s by the proportion of cases in each age group at the end of
the season. For R0 ¼ 1.30, we observed R to be 1.26 in the
unvaccinated population.

Simulated epidemics were seeded with infected persons
to represent the widespread prevalence of pandemic H1N1
before the usual influenza season. An estimated 3 million
persons were infected in the United States during the
6-week period between late July and early September (see
Web Appendix and Web Table 1), implying that approxi-
mately 71,000 persons were infected each day. Because in-
fluenza has a 6-day infectious period in our model, we
seeded the simulation of the continental United States with
3 times this figure, or 213,000 persons, which is less than
0.1% of the population. Assuming that LA County had the
same proportion of infected persons, simulations of LA
County were initialized with 7,700 infected persons.

In the simulations, vaccines reduce susceptibility to in-
fection, infectiousness, and progression to disease (10), as
described in the Web Appendix (Web Table 2 and Web
Figure 1). In addition, we incorporated the lower vaccine
efficacy observed in the elderly by setting vaccine efficacy
in the elderly to 60% of the maximum efficacy in the rest of
the population. The model includes 9 different vaccine
formulations produced by 5 manufacturers (Web Table 1).
Some of these vaccines are licensed for use in specific sub-
populations, which we included in the model. Vaccines were
distributed to the population daily on the basis of Centers
for Disease Control and Prevention (CDC) projections of
vaccine availability (11). Additional details on vaccine de-
livery schedules, hospitalizations, deaths, and risk prioriti-
zation are presented in the Web Appendix (Web Table 3–
Web Table 7).

Vaccine was distributed pro rata, so LA County received
an amount proportional to its population relative to the
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population of the United States. Available vaccine in the
simulations was prioritized to go to the essential workforce,
pregnant women, persons who lived with infants, and high-
risk persons under 65 years of age, followed by healthy
children and then the remaining healthy adults. To reflect
the limitations of the vaccine supply and variations in vac-
cine uptake, 50% of the target groups are reached, while the
remaining 50% never receive vaccine. If possible, vaccine is
given to persons with the highest priority before those with
lower priority. For example, a pediatric vaccine will always
go to children, even if there are unvaccinated higher-priority
adults, while a vaccine licensed for adults will go to the
highest-priority adults.

The numbers of simulated cases, hospitalizations, and
deaths in the United States were scaled to the 2009 US
population by multiplying the simulated child and adult
attack rates by the numbers of children and adults in the
United States in 2009 (12). Ranges were computed to match

the uncertainty of the CDC estimates (3)—from 71.1% to
146.8% of the point estimates. The range covers 90% of the
estimates of the numbers of cases and deaths generated from
the CDC’s Monte Carlo procedure (3).

Evidence suggests that school-age children play a signif-
icant role in influenza transmission (1, 13). In our simula-
tions of the continental United States, schools were opened
at the appropriate times for each state, as reported by Chao
et al. (1). Before schools were open, overall transmission
was relatively low. Once schools opened, influenza spread
rapidly. In LA County, most public schools started classes
on September 9, 2009, and this is the date on which all
schools in our simulations of LA County opened.

Estimating numbers of H1N1 infections and
vaccinations in the United States

We estimated the numbers of persons in 2 age categories
in the United States who were vaccinated by January 2010
as follows. Approximately 61 million persons were vacci-
nated, including 29.4% of those between ages 6 months and
18 years (2). Given that 78,497,473 persons in the United
States are 18 years of age or younger and that 228,305,545
are older than 18 years (12), 37,921,742 adults (or 16.6%)
were vaccinated. The CDC estimated that there were 57
million symptomatic cases of pandemic H1N1 in the United
States by January 2010 (3). If one assumes that only 67% of
those infected became symptomatic, as is believed for sea-
sonal influenza (14, 15), an estimated 85 million persons
were infected. We converted the case estimates from the
CDC publication (3) into numbers of infections using this
method. We estimated the age-specific infection attack rates
using pandemic H1N1 seroprevalence data from an article
by Zimmer et al. (16). To convert the age-specific estimates
of seroprevalence in the Zimmer et al. article (16) to the age
groups we used (children and adults), we assumed that
within each age group the number of persons of each age
was proportional to the national average (12). We then com-
puted the estimates of seroprevalence in children and adults
as weighted averages. To estimate the total number of per-
sons protected by either vaccination or natural infection, we
assumed that vaccination and infection are independent, so
that the fraction protected is the sum of the fraction pro-
tected by vaccination and the fraction infected minus the
product of these 2 fractions. This allowed us to estimate
ranges for the current level of combined immunity (that is,
naturally acquired immunity and vaccine-induced immu-
nity). The mean of this estimate was found to be a combined
immunity of 54% of the children and 37% of the adults.

Critical immune and vaccination thresholds

In a population containing both children and adults, we
aimed to determine what percentage of each subgroup
would need to be vaccinated with a vaccine with specific
characteristics to eliminate an infectious disease from the
entire population. The critical vaccination thresholds are the
percentages of each of the subpopulations that must be vac-
cinated such that no significant transmission can subse-
quently occur. Similarly, we define the critical immune

Figure 1. Timing of the 2009–2010 influenza A (H1N1) epidemic
in the continental United States and Los Angeles (LA) County,
California. A) Simulated cumulative incidence of pandemic H1N1 ill-
ness versus observed incidence for the United States. The solid black
line shows the simulated cumulative illness in the continental United
States. The dots show estimates of numbers of cases obtained from
the Centers for Disease Control and Prevention at 4 time points, and
the vertical lines show the ranges of the estimates (3). B) Timing of
the simulated pandemic H1N1 epidemic for the 2009–2010 influenza
season in the continental United States, LA County, and the south-
eastern United States. In these simulations, vaccine was distributed
according to availability in the United States (11).
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thresholds as the percentages of each subgroup that must be
completely immune for no significant transmission to occur
in the overall population. For vaccines that do not provide
complete protection, such as influenza vaccines, the critical
vaccination thresholds will always be greater than the crit-
ical immune thresholds for any given subgroup.

We developed a 2-age-group deterministic mathematical
model to investigate the possibility of a third wave of pan-
demic H1N1 occurring in the United States. We calibrated
the model to the pandemic H1N1 illness attack rate data and
parameters (17). Then, using the methods developed by
Diekmann et al. (18) and van den Driessche and Watmough
(19), we computed the effective reproduction number, Rf

(defined as the expected number of cases that a typical in-
fectious person will produce during his or her entire infec-
tious period in the presence of vaccination or previous
immunity in the population) as a function of the number
of children vaccinated, f1, and the number of adults vacci-
nated, f2 (20). We set Rf ¼ 1 as a threshold condition for the
epidemic to take off. If Rf > 1, the epidemic will take off; if
Rf < 1, the epidemic will die out. This allowed us to find the
critical vaccination curves and the critical immune curve by
calculating all the values of f1 and f2 for which Rf ¼ 1. A
detailed description of our method and model can be found
elsewhere (17).

RESULTS

Our first objective was to predict the timing and magni-
tude of the pandemic H1N1 peak in LA County and the
United States. By May of 2009, the FHCRC/UW group
produced an initial range of estimates for R0 between 1.3
and 1.7 (8) and assumed that the natural history of infection
would be similar to that of seasonal influenza, which was
later confirmed (21). Using these 2 assumptions, the
FHCRC/UW group used its computer simulation model to
produce epidemic curves for LA County and the United
States. As the pandemic progressed, we found that these
early assumptions were correct, and the simulations of pan-

demic H1N1 in the continental United States produced
incidence curves of cases consistent with national estimates
from the CDC (3) when R0 was set to 1.3 (Figure 1A). The
simulated epidemics in LA County peaked in mid-Novem-
ber, which agrees with the observed data on influenza-like
illness provided by the LA County DPH (22). Simulated
epidemics in LA County peaked later than in the continental
United States as a whole (Figure 1B) because public schools
opened later in LA County. In regions with early public
school opening dates, such as the southeastern United States
(e.g., Alabama, Florida, Georgia, Louisiana, and Missis-
sippi), the simulated illness prevalence peaked earlier, as
was observed in the fall of 2009 in the United States (1).
We assumed that the age-specific attack rates would be sim-
ilar to those of previous influenza pandemics—that is, that
school-age children would have the highest attack rates and
the elderly the lowest (5). Later, we found that our simulated
age-specific infection attack rates were somewhat higher but
consistent with a recent study of pandemic H1N1 antibody
seroprevalence (Table 1) (16). As Zimmer et al. (16) noted,
the estimates of final infection attack rate based on seroprev-
alence are likely to be low because samples were taken
soon after the epidemic peak, not at the end of the epidemic.
Our model calibration to the observed influenza rates is
robust to choices for the initial number of people infected
(Web Figure 2).

During the initial H1N1 response phase of April 2009,
amidst much national and local discussion surrounding the
effectiveness of closing schools in response to the outbreak,
we used the model to predict the benefit of such closures in
LA County. The model results indicated that short-term,
system-wide school closures would delay but not reduce
the epidemic peak (seeWeb Figure 3). Simulations of a more
realistic strategy in which schools were briefly closed when
infected students were detected in them did not elicit any
substantive decrease in either age-specific or aggregate
community illness attack rates. This information provided
an analytical basis, which, together with the jurisdictional
and operational realities of school closures, influenced the
decision of LA County DPH officials to not recommend or
enforce school closures in response to pandemic H1N1.
Longer school closures could have delayed the peak suffi-
ciently for mass vaccination to be more effective, but this
option was not likely to be economically feasible and was
therefore not considered as a viable intervention.

The type, quantity, and schedule of vaccine availability
became the single most important mitigation strategy issue
during the fall 2009 response. The FHCRC/UW group uti-
lized the simulation model to assist the LA County DPH in
aligning ongoing operational plans with the unfolding re-
alities of vaccine delays. When we discovered that sufficient
amounts of vaccine would not be available until near the
epidemic peak, the FHCRC/UW group changed its recom-
mendation from vaccinating children to reduce the overall
influenza attack rates (8) to protecting persons at high risk of
complications from influenza illness. The effect of vaccina-
tion in the simulations is summarized in Table 2 and shown
in Web Movie 1. Without vaccination, the United States and
LA County could have had estimated illness attack rates of
21.4% and 21.5%, respectively. The mass vaccination

Table 1. Observed and Simulated Age-Specific Fractions (%)

Infected With Pandemic Influenza A (H1N1) in Pittsburgh,

Pennsylvania; Los Angeles County, California; and the continental

United States, 2009

Age Group,
years

Observed
Seroprevalencea

Simulated Seroprevalence

Los Angeles
County

Continental
United States

0–4 28 21 22

5–18 39 44 45

19–29 22 16 18

30–64 18 18 20

�65 13 14 16

Total 22 23 25

a Data were from samples taken from hospitals and clinics in

Pittsburgh, Pennsylvania, from mid-November to early December

2009 (16).
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beginning in October of 2009 reduced the attack rates to
18.5%. When simulated mass vaccination began exactly 1
month earlier, the illness attack rates were reduced to 14.0%
and 13.5%, as shown in Web Movie 2. Mass vaccination
reduced the magnitude of the illness prevalence peak but did
not greatly affect the timing of the peak (Figure 2).

Early estimates of case fatality for pandemic H1N1 based
on the spring 2009 outbreaks in Mexico were 0.4% (9), or
approximately 20 times more lethal than seasonal influenza,
and our initial projections were dire. As pandemic H1N1
began to spread in the United States, the case fatality esti-
mates from the CDC fell to 0.02% (see the version of ref-
erence 3 published in November 2009), and the FHCRC/
UW group adjusted its projections. Using simulations, we
now estimate that approximately 10,000 persons died be-
cause of influenza in the continental United States (and 300
in LA County) during the first year of pandemic H1N1
(Table 2). Our estimates of the numbers of cases, hospital-
izations, and deaths are consistent with those produced by
the CDC (Table 2). Our initial estimates of the timing and
number of hospitalizations were especially important in
helping the LA County DPH determine that LA County’s
hospital capacity was sufficient to manage the peak. Nation-
ally, the mass vaccination campaign may have saved 1,900
lives and prevented 44,000 H1N1-related hospitalizations.
Had vaccination started 1 month earlier, in September 2009,
an estimated 4,600 influenza deaths and 109,000 hospitali-
zations could have been prevented by vaccination.

By the end of fall 2009, a large fraction of the population
was protected from pandemic H1N1 by either vaccination or
naturally acquired immunity following infection. Given that
previous pandemics have all had multiple epidemic waves
(23, 24), the natural question was whether this mixture of
immunities would be enough to prevent a third wave of
transmission in the population, should the external condi-
tions (such as humidity or temperature (25–28) or the re-
opening of schools) become suitable for a third wave of
transmission. Let Rn be the reproduction number for pan-
demic influenza after the second wave, say in January 2010,
where we are assuming that the external conditions have
changed, allowing the possibility of a new epidemic wave.
Using a deterministic mathematical model, we determined
what fraction of children and adults would need to be im-
mune to influenza in order to prevent a third wave of trans-
mission in the population.

Figure 3 shows the critical immune and vaccination
threshold curves for 4 different values of Rn. The lower
curve in each graph represents the threshold for the naturally
induced immunity, and the upper curve shows the vaccine-
induced partial immunity.

In the best-case scenario, if vaccines were fully protec-
tive, these 2 curves would overlap. Because influenza vac-
cines do not provide perfect protection against infection
(Web Table 2), the critical vaccination curve will always
be higher than the critical immune curve. For each Rn (in-
dicated in the figure), this establishes a lower and upper
bound for the threshold for a combined immunity, indicated
in the figure by the area between the curves.

For a particular value of Rn, the area above the immunity
threshold curve (vaccination threshold curve) represents the

naturally acquired immune (vaccination) coverages for
which there would be no substantial transmission, while
the area below the curve represents coverages for which
substantial transmission would occur. For example, if Rn

were 1.4, then once 30% or more of children and 21% or
more of adults were infected and immune, further transmis-
sion would not occur. Transmission would also be halted if
33% or more of children and 9% or more of adults had been
infected and had acquired natural immunity. In contrast, for
the same value of Rn, with vaccination alone, 44% or more
children and 9% or more adults would have to be vaccinated
to prevent the third wave.

Because the US and LA County populations currently
have mixtures of naturally immune and vaccinated people,
any combinations of natural infection and vaccination in the
region between or above the curves would result in no trans-
mission. If the original Rn were higher, higher levels of
natural infection and/or vaccination coverage would be
needed to assure no further transmission of pandemic
H1N1. The dotted rectangles in Figure 3 represent the esti-
mated numbers of children and adults protected by either
vaccination or previous infection by pandemic H1N1 in the
United States (Table 3). Most of the estimates for the orig-
inal basic reproduction number for pandemic H1N1 were in
the range of 1.3–1.4 (9, 29–33). Intuitively, Rn is less than or
equal to R0, so Rn should also be in this range. The box
depicting the estimates for immune children and adults lies
above both curves when Rn equals 1.4, indicating that fur-
ther substantial transmission of pandemic H1N1 in the
United States is unlikely in the absence of the circulation
of a drifted version of the pandemic H1N1 virus.

The critical vaccination and immunity curves provided
a clear contextualization and quantification of the LA
County DPH’s mass vaccination operational goals and ob-
jectives. While a focused campaign was employed to reach
the priority groups identified by the Advisory Committee on
Immunization Practices, LA County DPH vaccine and
emergency planners were able to adjust ongoing operational
plans and procedures—particularly after the Advisory Com-
mittee on Immunization Practices priority group restrictions
were relaxed—to ensure maximum uptake throughout LA
County, thus providing individual protection to vaccine re-
cipients as well as mitigating against a future third wave of
pandemic H1N1 occurring in the county.

DISCUSSION

The use of epidemic simulation models to influence and
direct local health department planning and operational re-
sponse represents an important collaboration between re-
search and public health practice. As evidenced in the
utilization and adaptation of our pandemic influenza simu-
lations by the LA County DPH during the pandemic H1N1
response, realistic and effective models allow local public
health planners to use simulations to evaluate various dis-
ease control strategies and to better understand and respond
to infectious disease events. Based on community demo-
graphic data and transportation patterns, the models provide
local emergency health planners with a unique tool both to
quantify the emerging threat (morbidity, hospitalizations,
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Table 2. Simulated Pandemic Influenza A (H1N1) Illness Attack Rates and Numbers of Cases, Hospitalizations, and Deaths for Los Angeles County and the Continental United States in

3 Scenariosa

Measure and
Scenario

Los Angeles Countyb Continental United Statesc

Childrend Adultsd Total Children Adults Total

% Mean Range % Mean Range % Mean Range % Mean Range % Mean Range % Mean Range

Illness attack rate

No vaccination 36.2 15.4 21.4 35.6 15.8 21.5

Vaccination 32.2 13.0 18.5 31.1 13.4 18.5

Early vaccination 23.9 9.4 13.5 23.8 10.0 14.0

No. of cases

No vaccination 1.15M 0.82M–1.69M 1.22M 0.87M–1.79M 2.37M 1.69M–3.48M 27.9M 19.9M–41.0M 36.0M 25.6M–52.8M 63.9M 45.5M–93.8M

Vaccination 1.02M 0.73M–1.50M 1.03M 0.73M–1.51M 2.05M 1.46M–3.02M 24.4M 17.4M–35.8M 30.7M 21.8M–45.1M 55.1M 39.2M–80.9M

Early vaccination 0.76M 0.54M–1.12M 0.74M 0.53M–1.09M 1.50M 1.07M–2.21M 18.7M 13.3M–27.4M 22.8M 16.2M–33.5M 41.5M 29.5M–60.9M

CDC estimatese 19.5M 13.9M–28.6M 41.3M 29.4M–60.7M 60.8M 43.3M–89.3M

No. of deaths

No vaccination 68 48–100 338 240–496 406 289–596 1,790 1,270–2,630 10,200 7,260–15,000 12,000 8,540–17,600

Vaccination 56 40–82 266 189–391 322 229–473 1,540 1,090–2,260 8,610 6,120–12,600 10,100 7,220–14,900

Early vaccination 38 27–56 177 126–260 215 153–316 1,160 821–1,700 6,280 4,460–9,210 7,430 5,280–10,900

CDC estimates 1,280 912–1,880 11,200 7,960–16,400 12,500 8,870–18,300

No. of hospitalizations

No vaccination 4,690 3,340–6,890 5,640 4,010–8,280 10,300 7,350–15,200 0.12M 0.09M–0.18M 0.17M 0.12M–0.25M 0.29M 0.21M–0.43M

Vaccination 3,810 2,710–5,600 4,450 3,170–6,540 8,270 5,880–12,100 0.11M 0.07M–0.15M 0.14M 0.10M–0.21M 0.25M 0.18M–0.37M

Early vaccination 2,630 1,870–3,870 2,970 2,110–4,350 5,600 3,980–8,220 0.08M 0.06M–0.12M 0.11M 0.07M–0.15M 0.18M 0.13M–0.27M

CDC estimates 0.09M 0.06M–0.13M 0.19M 0.13M–0.28M 0.27M 0.20M–0.40M

Abbreviations: CDC, Centers for Disease Control and Prevention; M, million.
a The 3 scenarios were: baseline (no vaccination), vaccination (vaccination begins in early October), and early vaccination (vaccination begins in early September).
b Results for Los Angeles County are averages from 5 runs.
c Results for the United States are from a single stochastic run from simulations based on the 2000 US Census (http://www.census.gov/geo/www/cenpop/tract/tract_pop.txt), adjusted to the

2009 US population.
d Children were defined as persons aged 18 years or younger, while adults were those aged 19 years or older.
e Estimates for the United States were obtained from the CDC (3).
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mortality, etc.) and to predict the effects and benefits of
proposed pharmaceutical and nonpharmaceutical interven-
tions. We had initially planned for a devastating H5N1 pan-
demic, and as the FHCRC/UW group quickly adapted the
model to pandemic H1N1, we projected a manageable sce-
nario that did not require the disruption of schools or hos-
pitals. The mild pandemic forecasts afforded the LA County
DPH the opportunity to allocate scarce public health re-
sources more wisely. Community-based simulation models
provide an analytical set of tools, further enabling local
health officials to evaluate proposed strategies and make
informed decisions. They also provide a starting point from

which other local jurisdictions can evaluate and determine
their best intervention and response strategies as well.

We believe that our simulation-based approach to influ-
enza pandemic guidance in LA County is general enough to
apply to much of the United States. Our simulations of
pandemic H1N1 in LA County and the continental United
States produced similar results. Simulations for both LA
County and the United States featured unmitigated illness
attack rates of approximately 21.5%. Simulations showed
that mass vaccination was slightly more effective in LA
County, possibly because schools (and therefore the epi-
demic) may have started later there than elsewhere in the
United States. US regions with epidemics that started later
would have had more time to vaccinate their populations
before the epidemic peak in the fall of 2009.

There are 2 fundamental limitations to the use of simula-
tion models in public health practice: the ability of the
model to reflect the reality of the situation and the quality
of the data used to parameterize the model. Our model con-
tained sufficient detail to address the issues that concerned
us, such as the timing of the epidemic peak, the numbers of
deaths and hospitalizations, and the effect of mass vaccina-
tion, but insufficient detail to reproduce the exact shape of
the epidemic curve. Although incorporating more socio-
logic data would allow the simulation to produce more re-
alistic epidemic curves, the actual accuracy of predictions
might not be improved because of the stochastic nature of
transmission. Regardless of what modeling approach is cho-
sen, timely and high-quality input data are required in order
to obtain useful results.

The most important task at the beginning of an outbreak
of a novel virus is to quickly estimate its virulence and
transmissibility. For the first few months of the pandemic
H1N1 outbreak, the data required to make these estimates
were scarce, and we had to infer transmissibility from
a handful of households described in the media (8). By
making early outbreak and/or household case data available
as soon as possible, public health officials can help statisti-
cians and modelers make these estimates, which in turn
leads to more precise modeling forecasts for decision-
makers. Fortunately, pandemic H1N1 behaved much like
seasonal influenza (21), and many of our initial assumptions
were later borne out. Influenza pandemics may have com-
mon features that we can anticipate (34). Thus, our planning
for H5N1 gave us the tools we needed to guide us through
the H1N1 pandemic and future influenza pandemics as well.
The close collaboration between the modeling group and the
LACounty DPH was essential, both to ensure that the model
incorporated up-to-date data from the public health depart-
ment and to ensure that the public health department was
informed of continually refined model results. The other
major assumption we had to make was about the availability
and efficacy of vaccines. Vaccination was the primary com-
ponent of our pandemic response plan, and we had ex-
pended an enormous amount of effort exploring different
distribution strategies to reduce morbidity and mortality.
However, vaccine arrived later than we had expected, and
our original vaccination strategies could not be used.

We have shown that the pandemic H1N1 vaccine arrived
too late to significantly mitigate the second wave of the

Figure 2. Simulated effect of the 2009 mass vaccination campaign
against pandemic influenza A (H1N1) on illness prevalence in A) Los
Angeles (LA) County, California, and B) the continental United States.
Each curve plots the simulated prevalence of pandemic H1N1 from
a single stochastic simulation. The solid curves show simulated ill-
ness prevalence when vaccination begins on October 9. The dotted
curves show simulated illness prevalence when there is no vaccina-
tion. The dashed curves show simulated prevalence when vaccina-
tion begins 1 month earlier (September 9). The thin dashed curves
running diagonally upwards show the fraction of the population vac-
cinated, assuming 1 dose per person.
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H1N1 epidemic in LA County and the United States. The
H1N1 epidemic peaked in the United States in early October
2009, and during the same period, vaccination with limited
supplies of vaccine began. As a result, most vaccine was
delivered and administered well after the peak of the epi-
demic. When vaccinating after the peak, vaccination of chil-
dren has a minimal effect on protecting others and reducing

general morbidity in the population. Had vaccine been de-
livered starting in September 2009, as originally planned,
our estimates suggest that an additional 2,700 deaths and
65,000 hospitalizations nationwide could have been averted
(Table 2). However, we have shown that sustained vaccina-
tion after the peak of an epidemic can still reduce the num-
ber of influenza-related deaths and hospitalizations, and thus

Table 3. Estimates of the Numbers and Percentages of the US Population Vaccinated Against or Infected by

Pandemic Influenza A (H1N1), 2009–2010

Age Group,
years

Populationa
Infectedb Vaccinatedc Total

No. Range % No. % No. %

0–17 78M 28M 21M–42M 36 23M 29 42M 55

�18 228M 61M 43M–90M 27 38M 17 84M 39

Total 307M 90M 64M–131M 29 61M 20 126M 43

Abbreviation: M, million.
a Population estimates were obtained from the Census Bureau (12).
b Case estimates and ranges were obtained from the Centers for Disease Control and Prevention (3).
c Vaccine coverage estimates were obtained from the Centers for Disease Control and Prevention (2).

Figure 3. Critical percentage of natural or vaccine-induced immunity needed to prevent an epidemic of influenza A (H1N1). The region between
the 2 curves indicates the amount of preexisting immunity required to prevent an epidemic for A)Rn¼ 1.2, B)Rn¼ 1.4, C)Rn¼ 1.6, and D)Rn¼ 1.8.
The upper bound of each region (solid line) is the amount of immunity required from vaccination alone, while the lower bound (dashed line) is the
amount required from prior infection alone. The dotted rectangle indicates the range of the estimated level of immunity to pandemic H1N1 from
infection or vaccination in the United States at the beginning of 2010.
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should remain a priority in the absence of the availability of
a sufficient vaccine supply prior to the peak.

Pandemic H1N1 is expected to become the predominant
circulating strain of influenza A virus in subsequent years.
During the 2009–2010 influenza season, seasonal influenza
A (H1N1) and influenza A (H3N2) were replaced by pan-
demic H1N1 wherever the latter has caused substantial
spread (35). On the basis of reported numbers of cases and
vaccinations combined with our fitted model, we estimate
that approximately 40% of the population of LACounty and
the entire United States was immune to pandemic H1N1 by
the end of the 2009–2010 season. Given the level of pro-
tection due to immunity from natural infection and vaccina-
tion at the end of 2009, we predicated that a substantial third
wave of pandemic H1N1 would not occur in the United
States unless antigenic drift or shift occurred.

Although the pandemic H1N1 epidemic was relatively
mild during the 2009–2010 influenza season, the number
of pediatric influenza deaths for the 2009–2010 influenza
season was almost twice that for the 2008–2009 season and
3 times the number for the 2006–2007 and 2007–2008 sea-
sons (http://www.cdc.gov/flu/weekly/). Many of these
deaths—about 2,700 in the United States, overall, according
to our simulations—were potentially avoidable with earlier
delivery of the vaccine.

Past pandemic experience suggests that influenza morbid-
ity and mortality could remain higher than normal for 1 or 2
influenza seasons following the introduction of a new pan-
demic strain and that influenza-related mortality may shift
from younger persons to older persons during that time (36).
For the 2010–2011 influenza season in the United States,
pandemic influenza A (H1N1), seasonal influenza A (H3N2),
and influenza B are co-circulating in approximately equal
proportions (http://www.cdc.gov/flu/weekly/). On February
18, 2010, the World Health Organization influenza collab-
orating centers and national regulatory authorities recom-
mended adding pandemic H1N1 to the seasonal influenza
vaccine for the Northern Hemisphere’s fall 2010 season
(37). The influenza vaccine for the 2010–2011 influenza
season in the United States contains the above 3 antigens,
and the match between the vaccine strains and wild circu-
lating strains appears to be adequate. Prior to the fall of
2009, seasonal influenza rarely peaked before January, with
the exception of the 2003–2004 influenza season, where the
epidemic peaked in mid-December. This year, the peak ap-
pears to be occurring around mid-February, as is usual for
seasonal influenza. Nonetheless, it would be important to
begin mass vaccination of schoolchildren and those at high
risk of complications from influenza infection before school
opens every year. Careful modeling of anticipated transmis-
sion and vaccine distribution, as presented here, can help in
planning the effective control of seasonal influenza as well
as future pandemic influenza.
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